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Plantation  forests  are  the  most  effective  and  ecologically  friendly  way  of  absorbing  C02  and  increasing 
carbon  sinks  in  terrestrial  ecosystems;  mitigating  global  warming  and  beginning  ecological  restoration. 
China’s  forestation  rate  is  the  highest  in  the  world,  and  contributes  significantly  to  the  nation’s  carbon 
sequestration.  We  have  applied  empirical  growth  curves,  scale  transformations,  field  sampling  plots, 
and  forest  inventory  data,  to  our  carbon  estimation  model,  to  analyze  the  carbon  sequestration  in  living 
biomass  and  soil  organic  carbon  pools  in  past  and  current  plantations.  Furthermore,  the  potential  carbon 
sinks  of  future  plantations,  2010-2050,  have  been  simulated.  From  1950  to  the  present,  plantations 
in  China  sequestered  1.686  PgC  by  net  uptake  into  biomass  and  emissions  of  soil  organic  carbon.  The 
carbon  stock  of  China’s  present  plantations  was  7.894 PgC,  including  21.4%  of  the  total  sequestration 
as  forest  biomass  and  78.6%  as  SOC.  We  project  that  China’s  forestation  activities  will  continue  to  net 
sequester  carbon  to  a  level  of  3.169 PgC  by  2050,  and  that  carbon  stock  in  plantations  will  amount  to 
10.395  PgC.  Spatial  patterns  of  carbon  sequestration  were  dissimilar  to  those  of  planting  area.  On  the 
basis  of  area,  carbon  sequestrations  were  highest  in  North  China,  while  changes  were  generally  greatest 
in  the  Northeast  and  Southwest  regions. 
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1.  Introduction 

Global  climatic  warming  and  rapidly  increasing  C02  concentra¬ 
tions,  primarily  resulting  from  anthropogenic  activities  and  land 
use  changes,  have  led  to  growing  concerns  about  measures  for 
energy  saving,  emission  mitigation,  and  carbon  sink  enhancement. 
Gaining  new  carbon  through  forestation  has  become  the  most  effec¬ 
tive,  hopeful,  and  ecologically  friendly  measure  to  enhance  carbon 
sequestration  in  terrestrial  ecosystems  and  mitigate  increasing 
C02  concentrations  in  the  atmosphere.  Large  scale  forestation  will 
establish  large  areas  of  new  vegetation  to  enhance  carbon  sinks, 
conserve  soils,  and  improve  water  quality  [1-3].  Forestation  is 
also  the  primary  driving  force  for  transformation  between  carbon 
sinks  and  sources  [4-9].  Tree  plantations  allow  the  carbon  to  be 
sequestered  in  biomass,  thus  playing  a  vital  role  in  the  terrestrial 
carbon  sink  [3,10-14].  Sequestering  carbon  in  the  soil,  ultimately 
as  stable  humus,  may  well  prove  a  more  lasting  solution  than 
temporarily  sequestering  it  in  biomass  [2,3,15];  soil  sequestration 
would  be  the  most  effective  in  mitigating  climatic  warming  in  the 
long  term.  However,  like  any  large-scale  land  use  change,  plan¬ 
tations  can  have  unintended  environmental  and  socioeconomic 
impacts  that  can  jeopardize  the  overall  value  of  carbon  mitigation 
projects  [1,16]. 

Previous  investigations  have  touched  upon  carbon  sequestra¬ 
tion  as  well  as  changes  in  forest  ecosystems  on  national,  regional, 
or  plot  scales  [17].  Woodbury  et  al.  [18]  estimated  that  forestation 
caused  sequestration  averaging  17TgCyear-1  in  the  USA  between 
1 990  and  2004,  including  6  Tg  C  year-1  in  the  soil  and  1 1  Tg  C  year-1 
in  the  forest  floor.  Fang  et  al.  [8]  estimated  that  planted  forests 
sequestered  0.45  PgC  between  the  mid-1970s  and  1998,  and  that 
the  average  carbon  density  increased  from  15.3  to  31.1  MgCha-1. 
Liu  et  al.  [19]  pointed  out  that  21.3  Tg  carbon  was  sequestered  in 
new  plantations  in  China  under  the  Natural  Forest  Conservation 
Program  between  1998  and  2004.  Reviews  have  shown  that  carbon 
biomass  is  influenced  by  forest  type,  climate,  soil,  topography,  and 
human  activity  [20].  However,  the  changes  in  soil  organic  carbon 
(SOC)  that  follow  forestation  are  still  under  debate,  and  are  influ¬ 
enced  by  vegetation  production,  soil  conditions,  land  use  history, 
the  type  of  forest  established,  and  forest  management  [21].  SOC 
after  planting  may  increase  [22,23]  or  decrease  [12,14,21,24].  How¬ 
ever,  most  reviews  have  presented  initial  losses  in  SOC,  followed 
by  slight  increases  [20,23,25,26].  Potential  carbon  sinks  of  foresta¬ 
tion  at  regional  or  global  scales  have  also  been  estimated.  Global 
afforestation  and  reforestation  have  the  potential  to  sequester 
60-90 PgC  between  1995  and  2050,  according  to  Land  Use,  Land- 
Use  Change  and  Forestry  (LULUCF)  reports  [27].  Niu  and  Duiker 
[28]  predicted  that  carbon  sequestration  on  the  marginal  croplands 
of  the  midwestern  USA  would  be  508-540  Tg  C  over  20  years,  and 
1 01 8-1080  Tg  C  over  50  years,  following  forestation;  this  could  off¬ 
set  6-8%  of  current  C02  emissions.  Xu  [29]  calculated  that  about 
9.7  billion  tons  of  carbon  would  be  sequestered  under  perpetual 
rotation,  if  the  total  land  available  (1.3  billion  ha)  in  China  were 
afforested.  Chen  et  al.  [30]  showed  that  the  potential  carbon  seques¬ 
tration  by  grain,  under  the  Green  Program  in  Yunnan  Province,  will 
increase  carbon  in  that  province  by  49.92-56.62 Tg  by  2050;  this 
amounts  to  10.82-12.27%  of  the  provincial  forest  carbon  stocks  of 
the  1990s. 

However,  little  research  has  focused  on  carbon  sequestration  of 
the  large  scale  tree  planting  programs  in  China.  The  absorption  of 
C02  by  plantations  is  even  less  well  known  and  remains  unclear. 


Preserved  plantation  area  in  China  is  0.617  x  108  according  to  the 
Seventh  National  Forest  Resources  Inventory  2004-2008;  account¬ 
ing  for  one  third  of  the  plantation  area  in  the  world.  Plantations  have 
contributed  significantly  to  carbon  sequestration  in  China,  and  will 
continue  to  do  so.  With  gradually  expanding  area  and  increasing 
forest  age,  it  is  timely  to  investigate  annual  variation  in  the  carbon 
sink  functions  of  plantations.  Our  purpose  is  to  analyze  the  car¬ 
bon  sequestration  in  the  living  biomass  and  the  soil  organic  matter 
induced  by  forestation  in  China,  in  the  past  and  present,  and  also 
to  simulate  the  carbon  sink  potential  of  future  plantations. 

2.  Materials  and  methods 

Carbon  sequestration  and  the  potential  of  plantations  are 
expressed  as  carbon  stock  changes  in  tree  biomass  and  soil  organic 
matter.  Although  carbon  stock  in  dead  organic  matter  (litter  and 
dead  wood)  increases  after  forestation  on  cropland  or  barren  land, 
we  have  not  estimated  its  changes  due  to  unavailable  data  and 
lower  change  rates  relative  to  living  tree  biomass.  We  have  devel¬ 
oped  empirical  growth  curves  for  different  tree  species  in  each 
region,  based  on  data  from  the  sampling  plots  of  the  National 
Forestry  Inventory.  These  data  were  used  to  estimate  carbon 
sequestration  in  the  tree  biomass  pools  including  basic  wood  den¬ 
sity,  biomass  expansion  factors,  and  carbon  fractions.  SOC  change 
factors  were  introduced  to  estimate  the  stock  change  in  SOC  pools. 
Terrestrial  China  was  divided  into  seven  regions  (Fig.  1  and  Table  1 ) 
following  the  scheme  of  the  Chinese  Natural  Regionalization.  These 
are  Eastern  China  (EC),  Northeastern  China  (NE),  Northern  China 
(NC),  Southern  China  (SC),  Southwestern  China  (SW),  Northwestern 
China  (NW),  and  the  Tibetan  Plateau  (TP). 

2.2.  Forestation  data 
2AA.  Past  forestation 

The  planted  area  of  each  region  in  China  between  1 950  and  2010 
was  collated  from  the  Yearly  Forestry  Reports  (1949-2009)  edited 
by  the  Forestry  Department  of  China.  Choice  of  tree  species  for 
forestation  was  therefore  based  on  the  dominant  plantation  species 


Fig.  1.  Sites  of  field  sampling  plots  and  data  gained  from  the  literature. 


Table  1 

Proportions  of  species  planted  in  each  region. 


L.  Huang  et  al.  /  Renewable  and  Sustainable  Energy  Reviews  16(2012)  1291-1299 


1293 


Region 

Primary  planting  species 

Proportion/% 

Region 

Primary  planting  species 

Proportion /% 

EC 

Cunninghamia  lanceolata 

44.5 

SC 

Cunninghamia  lanceolata 

32.2 

P.  massoniana 

15.7 

Eucalyptus 

29.3 

Keteleeria 

16.1 

Keteleeria 

12.5 

Populus 

11.2 

Casuarina  equisetifolia  L. 

10.1 

P.  elliottii 

8.8 

P.  elliottii 

6.6 

Eucalyptus 

3.7 

P.  massoniana 

5.3 

NE 

Larix 

48.3 

Picea 

2.1 

Populus 

20.4 

Cupressus  funebris 

1.9 

P.  tabulaeformis 

11.0 

NC 

P.  tabulaeformis 

25.5 

P.  koraiensis 

8.8 

Populus 

34.7 

P.  sylvestris 

6.1 

Larix 

15.2 

Picea 

4.1 

Cunninghamia  lanceolata 

8.7 

NW 

Populus 

85.5 

Robinia  pseudoacacia  L. 

7.2 

P.  tabulaeformis 

9.5 

Cupressus  funebris 

4.6 

Picea 

2.7 

Keteleeria 

2.4 

Larix 

2.3 

P.  armandii 

1.7 

SW 

Cunninghamia  lanceolata 

42.2 

TP 

Populus 

35.0 

P.  massoniana 

24.1 

Salix  babylonica 

25.0 

P.  armandii 

14.4 

Picea 

15.0 

P.  yunnanensis 

7.4 

Hippophae  rhamnoides  Linn. 

10.0 

Cupressus  funebris 

6.5 

Betula 

7.5 

Eucalyptus 

3.1 

Larix 

7.5 

Cryptomeria 

2.3 

at  the  time,  and  planted  species  were  recorded  in  the  National 
Forest  Inventory  (Table  1). 


2.2.2.  Fu  tu  re  fo  res  ta  do  n 

Future  demand  for  increasing  forest  area  or  coverage  and  likely 
tree  species  have  been  estimated  based  on  mid-term  (to  2020)  and 
long-term  (to  2050)  national  and  provincial  forest  planning  strate¬ 
gies.  Based  on  the  national  target  for  forest  planning  up  to  the  year 
2050,  for  example,  we  have  predicted  that  301,746  ha  of  land  will 
be  planted  between  2010  and  2050,  including  113,758  ha  of  eli¬ 
gible  cropland  and  187,986  ha  of  barren  land.  Furthermore,  forest 
coverage  is  planned  to  reach  20.3%,  23.4%  and  28%  in  2010,  2020, 
and  2050,  respectively.  Additionally,  the  Chinese  government  has 
promised  that  the  forest  area  will  increase  by  0.4  x  10s  hm2  and 
the  forest  stock  volume  will  increase  by  13  x  10s  m3  in  2020,  from 
2005  levels.  This  was  described  in  the  proposed  climate  mitigation 
actions  that  China  submitted  to  the  UNFCCC  at  the  2009  Copen¬ 
hagen  Conference  (Table  2). 


2.2.3.  Data  from  field  sampling  plots 

Data  from  sampling  plots  in  plantations  at  9078  sites  was  pro¬ 
vided  in  the  National  Forestry  Inventory,  conducted  once  every 
5  years  since  the  1970s.  Recorded  parameters  include  stand  vol¬ 
ume,  tree  species,  site  conditions,  age  classes,  soil  depths,  and  soil 
types  (Fig.  1). 


2.2.4.  Data  from  the  literature 

We  collated  the  measured  plantation  biomass  from  1209  field 
plots  including  the  spatial  distribution  and  representativeness  of 
each  plantation  type,  from  Luo  [31],  Zhou  et  al.  [32],  Shi  [33],  and 
Zhao  and  Zhou  [34].  This  data  covered  36  major  tree  species  rep¬ 
resenting  a  wide  range  of  China’s  plantation  types  and  field  site 
conditions  (Fig.  1). 

2.2.  Several  assumptions  in  estimating  carbon  sequestration 

2.2.1.  The  average  growth  curves  of  plantations  in  each  region 

The  average  growth  curves  of  plantations  in  each  region  played 
a  crucial  role  in  our  estimation  of  carbon  sequestration  in  biomass. 
Growth  curves  were  fitted  to  the  stand  volume  of  established  plan¬ 
tations  varied  with  site  conditions  for  each  region,  and  were  used 
to  represent  mean  growth  under  diverse  climates,  site  conditions, 
and  forest  disturbances.  Therefore,  use  of  the  mean  growth  curves 
may  have  led  to  overestimation  (worse  site  conditions)  or  under¬ 
estimation  (better  site  conditions). 

2.2.2.  Reforestation  considering  harvest 

Prior  to  2000,  more  than  60-90%  of  planted  forests  were  com¬ 
mercial  plantations,  with  a  regulatory  rotation  age  of  less  than 
30  years  following  the  regulations  in  the  Forest  Management  Inven¬ 
tory.  Since  2000,  commercial  plantation  area  has  decreased  to 
46.52%  (1999-2003)  and  then  to  35.38%  (2004-2008)  according 
to  the  Forestry  Yearbook.  Therefore,  over  55.07%  and  57.06%  of 


Table  2 

Governmental  planning  of  future  planting,  2000-2050  (km2). 


Region 

2000-2010 

2010-2015 

2015-2020 

2020-2050 

Primary  planting  tree  species 

EC 

69734.42 

5881.99 

5881.99 

12708.27 

Cunninghamia  lanceolata,  P.  massoniana,  P.  elliottii,  Populus,  Lauraceae,  Cryptomeria 

NC 

5496.60 

5496.60 

32022.30 

5496.60 

Populus,  Cupressus  funebris,  P.  tabulaeformis,  Salix  babylonica,  Robinia  pseudoacacia  L,  P.  bungeana 

NE 

55441.61 

15067.02 

15067.02 

22545.57 

Populus,  Larix,  Picea,  P.  tabulaeformis,  Abies,  P.  koraiensis,  P.  bolleana,  P.  sylvestris,  Cupressus  funebris, 
Robinia  pseudoacacia  L. 

NW 

33784.62 

8763.22 

8763.22 

16372.6 

P.  bolleana,  Ulmus  pumila  L.,  Hippophae  rhamnoides  Linn.,  Picea,  P.  tabulaeformis,  Cupressus  funebris, 

P.  armandii,  Larix,  Robinia  pseudoacacia  L.,  P.  sylvestris 

SC 

38173.44 

4663.34 

4663.34 

6252.32 

Eucalyptus,  P.  massoniana,  Cunninghamia  lanceolata,  P.  elliottii,  Casuarina  equisetifolia  L. 

SW 

69912.58 

7411.93 

7411.93 

20181.43 

Cunninghamia  lanceolata,  P.  massoniana,  P.  armandii.  Eucalyptus,  Cupressus  funebris,  P.  elliottii,  P. 
yunnanensis 

TP 

6569.58 

4207.48 

4207.03 

3452.96 

Populus,  Larix,  P.  tabulaeformis,  Picea,  Abies,  Cupressus  funebris 
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Table  3 

Parameters  used  to  calculate  the  carbon  biomass  sequestration  of  plantations. 


Tree  species 

Growth  model 

a 

b 

c 

r2 

BEF 

WD 

CF 

MR 

P.  yunnanensis 

Logistic 

54.49 

3.51 

0.20 

0.88 

2.04 

0.483 

0.54 

51 

P.  massoniana 

Korf 

116.42 

3.424 

0.430 

0.64 

2.13 

0.542 

0.52 

41 

P.  tabulaeformis 

Richards 

98.85 

0.027 

1.782 

0.822 

2.06 

0.492 

0.51 

41 

Larix 

Gompertz 

75.014 

0.165 

12.055 

0.89 

1.74 

0.490 

0.51 

61 

P.  armandii 

Logistic 

69.38 

2.53 

0.09 

0.75 

2.29 

0.396 

0.50 

51 

P.  sylvestris 

Logistic 

151.89 

3.33 

0.08 

0.60 

2.36 

0.375 

0.41 

41 

P.  elliottii 

Richards 

69.18 

0.09 

1.22 

0.60 

2.13 

0.542 

0.52 

41 

P.  koraiensis 

Korf 

113.52 

9.44 

0.62 

0.67 

2.24 

0.468 

0.49 

61 

Cunninghamia  lanceolata 

Gompertz 

149.825 

1.182 

0.061 

0.93 

1.92 

0.307 

0.49 

36 

Be  tula 

Korf 

119.58 

222.14 

1.61 

0.69 

1.62 

0.541 

0.50 

51 

Eucalyptus 

Richards 

85.48 

0.14 

2.80 

0.55 

1.65 

0.578 

0.50 

26 

Cupressus  funebris 

Richards 

36.41 

0.05 

1.94 

0.51 

2.11 

0.478 

0.50 

101 

Abies 

Richards 

365.18 

0.02 

5.04 

0.71 

2.12 

0.366 

0.49 

61 

Picea 

Logistic 

184.86 

4.34 

0.11 

0.68 

2.12 

0.342 

0.51 

101 

Cryptomeria 

Logistic 

48.63 

3.45 

0.39 

0.71 

1.91 

0.294 

0.50 

36 

Keteleeria 

Logistic 

53.25 

2.39 

0.10 

0.57 

2.23 

0.448 

0.50 

51 

Lauraceae 

Korf 

100.04 

17.81 

0.68 

0.76 

1.89 

0.46 

0.49 

71 

Populus 

Korf 

319.61 

5.06 

0.33 

0.59 

2.16 

0.378 

0.51 

60 

P.  bolleana 

Korf 

99.12 

7.53 

0.75 

0.94 

2.16 

0.378 

0.51 

30 

Salix  babylonica 

Richards 

49.05 

0.25 

5.41 

0.71 

2.31 

0.465 

0.50 

16 

the  later  established  forests  are  so-called  Ecological  Service  Forests 
(noncommercial  plantations),  that  are  not  allowed  to  be  harvested 
until  over-mature  according  to  the  Technical  Regulations  for  Eco¬ 
logical  Service  Forest.  We  assumed  that  plantations  would  be 
regenerated  after  clear  cutting  when  they  exceeded  a  minimum 
rotation  age.  It  was  assumed  that  all  harvested  biomass  would 
decompose  immediately  and  all  harvested  lands  would  be  regener¬ 
ated  immediately  after  harvest,  and  that  the  aboveground  parts  of 
all  cut  trees  would  be  cleared  away.  We  also  assumed  that  the  initial 
volume  of  soil  organic  carbon  after  reforestation  was  equal  to  the 
volume  before  regeneration.  In  addition,  the  carbon  sequestration 
of  harvested  wood  products  was  not  considered.  Average  mini¬ 
mum  rotations  were  determined  in  accordance  with  the  primary 
tree  species  planted,  and  the  regulations  in  the  Forest  Management 
Inventory  (Table  3). 

2.2.3.  Survival  rate  and  area  not  harvested 

We  can  see  that  total  area  of  forest  planted  (2004-2008)  has 
been  well  exceeded  by  the  current  plantation  area  (61.65%  of  the 
established  plantation  area),  and  about  40%  of  the  established  plan¬ 
tation  area  has  been  harvested  (Table  4).  The  contribution  ratios  of 
plantation  to  forest  coverage  in  China  (5  or  10  years  after  planting) 
were  less  than  50%  [35].  This  illuminated  the  relatively  lower  sur¬ 
vival  rate  of  plantations  and  the  harvesting  of  commercial  stands. 
According  to  statistics  data  from  the  State  Forestry  Administration 
of  China,  the  survival  rates  of  plantings  in  NC,  NE,  EC,  SC,  NW,  and 
TP  prior  to  the  1990s  were  40%,  50%,  60%,  75%  and  70%,  and  since 
then  should  be  over  85%,  70%,  85%,  75%,  and  90%,  respectively. 

2.2.4.  Soil  organic  carbon  before  planting 

We  adopted  soil  organic  carbon  density  data  from  Wang  et  al. 
[36]  as  a  baseline  for  calibration  of  SOC.  The  soil  organic  carbon 
density  data  included  the  physiochemical  properties  of  every  soil 
stratum  from  2473  typical  soil  profiles;  these  profiles  were  col¬ 
lected  for  the  Second  National  Soil  Survey  of  soil  subtypes. 

2.3.  Biomass  carbon  change  of  forestation 

The  carbon  sequestration  change  method  was  adopted  follow¬ 
ing  Chen  et  al.  [30]  and  utilized  for  the  estimation  of  carbon  biomass 
stocks  in  living  trees.  The  formula  was  as  follows: 

CSi  =  J2J2J2AvkV<jkWDvBEFvCFv  ( 1 } 

i  j  l< 


where  CS*  corresponds  to  carbon  sequestration  (Mg  C)  in  living 
tree  biomass  in  region  i,  Aijk  represents  the  corrected  area  (ha)  of 
species  j  planted  or  to  be  planted  in  year  k  in  region  i,  Vyk  indi¬ 
cates  stand  volume  per  hectare  (m3  ha-1 ),  WDy  is  the  basic  wood 
density  (Mgnrr3),  BEFy  is  a  biomass  expansion  factor  (dimension¬ 
less)  for  conversion  of  stem  biomass  to  stand  biomass  (including 
stems,  branches,  foliage,  and  roots),  and  CFy  is  the  carbon  frac¬ 
tion  (Mg  C  Mg-1 )  (Table  3).  The  biomass  expansion  factor  and  basic 
wood  density  used  in  the  estimate  were  from  the  China  Initial 
National  Communication.  Carbon  fractions  were  derived  from  the 
literature.  The  minimum  rotation  (MR)  periods  for  major  species 
within  Ecological  Service  Forest  are  listed  in  Table  3. 

These  data  represent  average  growth  values  of  stand  volumes 
under  different  site  conditions  and  forest  management  practices. 
The  stand  volumes  of  different  tree  species  in  plantations  in  differ¬ 
ent  regions  were  fitted  against  age  classes  using  Matlab  software 
and  applying  four  theoretical  growth  models  (Richards,  Korf,  Logis¬ 
tic  and  Gompertz,  Eqs.  (2)-(5)).  The  best  model  was  then  chosen 
and  used  (Table  3). 


Vijk  =  a  ■  [1  -  exp(-b  •  age)]c 
Vijk  =  a  ■  exp 


(2) 

(3) 


^ijk  1  +  expfb  -  cx) 

( _eb-cx \ 

V  =  ae[  e  > 


(4) 

(5) 


2.4.  Soil  organic  carbon  change  induced  by  fore  station 


The  organic  carbon  pool  in  the  soil  may  be  a  potential  long-term 
sink  following  forestation.  However,  changes  in  soil  organic  car¬ 
bon  following  forestation  vary  significantly  with  the  land  use/cover 
types  before  planting  and  other  bio-physical  conditions,  and 
changes  are  usually  non-linear  over  time  [20,37].  SOC  stock  changes 
were  estimated  using  the  formula: 


SoilCSi 


AykRiSoilCS 


where  SoilCSi  corresponds  to  the  carbon  stock  change  (MgC)  in  the 
SOC  pool  in  region  i,Ayk  represents  the  area  (ha)  of  species  j  planted 
or  to  be  planted  in  year  k  in  region  i,  R?  represents  the  factor  of  SOC 
stock  change  (Mg  C  ha  year-1),  and  SoilCSi  is  the  original  value  of 
SOC  before  planting.  The  decomposition  and  accumulation  rates  of 
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Table  4 

Plantation  variables,  1950-2008. 


Periods 

Planting 
area/106  hm2 

Plantation 
area/106  hm2 

Plantation 

coverage/% 

Forest 

coverage/% 

Plantation  without 
harvest/% 

Contribution  ratio 
of  plantation/% 

1950-1962 

34.11 

0.53 

12.70 

17.69 

1973-1976 

56.13 

28.20 

2.47 

12.00 

7.5 

35.35 

1977-1981 

22.44 

27.81 

2.31 

12.98 

10.47 

18.34 

1984-1988 

43.63 

31.01 

3.23 

13.92 

14.24 

49.82 

1989-1993 

27.76 

33.79 

3.57 

15.12 

14.79 

44.49 

1994-1998 

25.29 

36.42 

4.86 

16.55 

16.55 

50.24 

1999-2003 

31.85 

46.67 

5.55 

18.21 

38.34 

52.52 

2004-2008 

20.16 

61.65 

10.44 

20.36 

43.47 

Table  5 

Parameters  used  to  calculate  changes  in  SOC  rates  in  different  regions. 


Region 

North 

Northeast 

South 

Central 

Southwest 

Northwest 

TP 

a 

1.07 

0.94 

1.50 

1.26 

1.35 

0.89 

0.78 

b 

2.78 

2.50 

3.10 

2.94 

3.00 

2.20 

2.00 

soil  organic  carbon  after  forestation  varied  due  to  differing  regional 
hydrothermal  conditions,  rates  of  tree  growth,  and  rates  of  canopy 
closure.  The  rate  of  SOC  stock  change  can  be  fitted  following  the 
methods  of  Post  and  Kwon  [37],  Paul  et  al.  [20],  and  Huang  et  al. 
[26]  as  follows;  parameters  a  and  b  for  each  region  are  listed  in 
Table  5. 

Rj  =  a  -  In  age  -  b  (7) 

3.  Results 

3.2.  Spatiotemporal  variations  in  forestation  in  China 

Forest  coverage  and  forest  area  in  China  have  decreased  since 
1950  and  then  tended  to  increase  after  the  1970s  as  a  result  of 
massive  forestation  campaigns,  referred  to  as  the  largest  land-use 
change  projects  in  China.  Plantings  between  1950  and  2009  totaled 
about  130.09  x  106hm2  in  area,  and  annual  planting  areas  aver¬ 
aged  2.17  x  106  hm2,  ranging  from  a  minimum  of  0.34  x  105  hm2 
in  1950  to  9.12  x  106hm2  in  2003.  Plantation  coverage  increased 


from  0.53%  in  1950  to  10.44%  in  2008  (Fig.  2).  However,  the  planta¬ 
tion  area  in  existence  was  only  61 .65  x  1 06  hm2  at  present  (Table  4), 
indicating  a  very  low  survival  rate  and  the  cutting  of  plantations 
for  timber.  We  have  predicted  that  2 1 .65  x  1 06  hm2  of  land  will  be 
planted  in  China  between  2010  and  2050.  Our  estimate  of  annual 
area  planted  during  this  period  is  outlined  in  Table  2. 
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Fig.  3.  Annual  forestation  areas  between  1950  and  2009. 
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Fig.  4.  Annual  carbon  sequestration  of  forestation  between  1950  and  2050. 


Between  the  1950s  and  1960s,  forestation  focused  on  the  plant¬ 
ing  of  timber  plantations.  More  than  7.09  x  106  hm2  of  plantations 
were  established,  with  an  annual  average  area  of  0.36  x  106  hm2. 
In  the  1970s,  the  Three-North  Shelter  Forest  Program  and  the 
Plain  Greening  Project  were  launched,  and  aerial  seeding  was  used. 
The  annual  average  area  of  newly  planted  forests  increased  to 

O. 84xl06hm2,  more  than  four  times  the  previous  rate.  In  the 
1980s,  economic  plantations  and  orchards  (including  palm  oil,  rub¬ 
ber,  and  coconut)  reached  nearly  one  billion  hectares  in  area;  the 
annual  average  planting  area  was  0.822  x  106  hm2.  From  the  late 
1990s  to  2009,  six  key  forest  projects  were  begun,  including  the 
Natural  Forest  Protection  Project  and  the  Green  for  Grain  Project. 
The  increased  average  planting  area  was  5.32  x  106  hm2  per  year, 
with  a  total  of  106.31  x  106  hm2. 

The  largest  area  of  planting  has  been  in  Northern  China.  This 
accounts  for  25.19%  of  the  total  in  China.  Primary  tree  species  were 

P.  tabulaeformis,  Populus,  Larix  (Table  1).  Much  of  the  remaining 
(21.57%)  planting  occurred  in  the  Northeast  region  (Fig.  3),  with 
primary  tree  species  Larix ,  Populus ,  P.  tabulaeformis  (Table  1 ).  South¬ 
western  China  accounted  for  19.35%,  and  Eastern  China  for  14.67%. 
Interestingly,  the  two  regions  with  opposite  climates  (tropical  and 
subtropical  Southern  China,  and  the  arid  and  semiarid  Northwest¬ 
ern)  showed  similar  trends  in  planting  area  to  the  other  regions, 
accounting  for  8.98%  and  8.57%  of  the  planted  area,  respectively. 
The  Tibetan  Plateau,  where  planting  has  been  limited  by  the  high- 
cold  conditions,  accounted  for  only  1.67%. 

3.2.  Carbon  sequestration  of  forestation  in  China,  1950-2050 

Carbon  biomass  sequestration,  soil  carbon  changes,  and  the 
net  budget  of  China’s  plantations  for  the  1950-2050  period  are 
illustrated  in  Fig.  4.  Carbon  biomass  sequestration  has  shown  con¬ 
tinued  increase,  especially  since  2000.  However,  changes  in  SOC 
induced  by  China’s  forestation  activities  showed  a  decrease  until 
recently,  and  then  an  increase.  Between  1 950  and  2010,  total  carbon 


sequestration  from  forestation  amounted  to  1.686  PgC,  including 
1 .689  Pg  C  sequestered  in  biomass,  and  0.003  Pg  C  released  into  the 
atmosphere  by  the  soil.  The  SOC  storage  of  plantations  totaled 
about  6.205  Pg  C  in  2010.  The  net  carbon  sequestration  in  the  1 950s 
was  0.004 PgC,  including  0.005  PgC  in  tree  growth  and  0.001  PgC 
in  soil  carbon  emissions.  Comparison  of  net  carbon  sequestration 
for  the  decadal  showed  that  forest  carbon  sequestration  in  the 
1960s,  1970s,  and  1980s  were  8.5,  28,  and  56  times  larger  than 
the  baseline  in  the  1950s.  In  the  1990s,  total  carbon  sequestra¬ 
tion  from  forestation  activities  amounted  to  0.702 PgC,  including 
0.721  PgC  in  tree  growth  and  0.019 PgC  in  soil  carbon  emissions. 
With  an  current  area  of  61.65  M  ha,  China’s  plantations  presently 
have  a  carbon  stock  of  7.894 PgC,  including  1.689 PgC  in  biomass 
and  6.205 PgC  in  SOC,  with  the  net  negative  change  in  SOC  due 
to  forestation  totaling  0.003 PgC.  The  average  carbon  biomass 
density  was  27.397  Mg  C  ha-1,  and  the  average  SOC  density  was 
100.65  MgCha"1. 

Between  2010  and  2050,  the  net  carbon  sequestration  poten¬ 
tial  from  newly  planted  forests  is  projected  to  be  2.51  PgC,  or 
24.13%  of  the  total.  Under  current  governmental  planning  sce¬ 
narios,  the  net  carbon  sequestration  of  the  plantations  in  China 
is  expected  to  be  2.077 PgC  by  2015,  and  2.327 PgC  by  2020. 
This  would  include  carbon  sequestrations  in  living  tree  biomass 
of  2.052  PgC  and  2.283  PgC,  and  in  SOC  stock  changes  0.025  PgC 
and  0.044 PgC,  correspondingly.  Up  until  2050,  the  net  cumula¬ 
tive  carbon  sequestration  from  forestation  activities  in  China  is 
predicted  to  be  3.169 PgC  and  the  carbon  stock  in  plantations  is 
predicted  to  amount  to  1 0.395  Pg  C,  including  3.055  Pg  C  in  biomass 
and  7.34  Pg  C  in  SOC,  with  a  net  change  in  SOC  of  0.1 14  Pg  C  (Fig.  4). 

3.3.  Uneven  regional  distribution  of  carbon  sequestration 

The  carbon  sequestration  of  plantations  in  the  seven  regions  of 
China  has  shown  generally  similar  patterns  in  net  carbon  biomass 
sequestration  over  time  (Fig.  5a),  with  a  net  loss  of  soil  organic  car¬ 
bon  prior  to  the  1 990s-2000  period,  and  a  gain  in  SOC  following  this 
(Fig.  5b).  Following  planting,  forest  biomass  dynamics  change  more 
quickly  than  those  in  the  soil.  Furthermore,  the  rate  of  sequestra¬ 
tion  is  predicted  to  increase  in  the  future.  The  patterns  of  biomass 
sequestration  in  the  Northeast,  Northern,  and  Southwest  regions 
were  different  from  those  in  the  other  regions,  with  the  largest, 
rapidly  increasing  rate  of  biomass  carbon  sequestration  between 
1 950  and  2050  in  the  former  regions.  The  effect  of  forestation  in  the 
Northeast  was  greater  than  in  any  other  region.  The  Eastern,  South¬ 
ern,  and  Northwest  of  China  showed  an  increasing  rate  of  carbon 
biomass  sequestration;  equal  to  half  the  largest  rate  between  1950 
and  the  present.  For  these  regions  we  have  predicted  the  slowest 
decreasing  rate  of  continued  sequestration  through  to  2050.  Similar 
trends  in  SOC  in  each  region,  including  a  steady  loss  of  carbon  in  the 
past  and  then  an  increase,  and  differences  in  change  rate  and  time 
taken  to  reach  to  minimum  values,  varied  from  the  1990s  to  the 
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Fig.  5.  Annual  carbon  sequestration  in  biomass  (a),  and  carbon  sequestration  change  in  SOC  (b),  induced  by  forestation  in  each  region  between  1950  and  2050. 
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present.  Unlike  in  most  other  regions,  there  was  minimal  biomass 
sequestration  and  almost  no  net  loss  or  gain  in  the  Tibetan  Plateau 
during  any  period.  This  pattern  was  due  to  the  slower  growth  and 
very  low  survival  rates  of  plantations  in  this  region. 

4.  Discussion 

4.2.  Uncertainties  in  estimation  of  carbon  sequestration 

Our  effort  to  estimate  plantation  carbon  sequestration  across  a 
wide  range  of  spatial  and  temporal  scales,  includes  uncertainties 
from  provincial  variables,  modeling  logic,  and  estimation  param¬ 
eters.  Quantifying  model  uncertainties  allows  carbon  estimates  to 
be  reported  with  known  levels  of  confidence  [38,39].  Identifying 
and  minimizing  these  inaccuracies  will  improve  model  predictions. 
Uncertainty  issues  in  carbon  sequestration  assessment  are  start¬ 
ing  to  be  recognized  from  reserving  rather  than  cutting  areas  of 
plantation.  Such  differences  can  be  considerable  and  could  have  sig¬ 
nificant  impacts  on  carbon  sequestration.  Uncertainties  also  arise 
from  the  estimated  parameters  derived  from  the  literature,  and 
from  bio-physiological  observations,  such  as  survival  rates,  soil  car¬ 
bon  densities,  and  rates  of  change  of  SOC  in  different  regions  and 
age  classes.  Variation  in  the  rate  of  change  in  soil  carbon  stocks 
related  to  surrounding  conditions,  field  sampling,  and  technical 
measurements,  may  cause  deviations  in  modeling.  In  addition,  to 
gain  more  accurate  estimation,  we  need  to  take  into  account  the 
carbon  sequestration  of  the  understory  and  of  harvested  wood 
products;  lack  of  this  data  may  lead  to  underestimation.  However, 
the  carbon  in  wood  products  was  not  considered  because  it  was 
difficult  to  know  the  quantity  of  wood  harvested. 

The  largest  uncertainty  in  our  projections  relates  to  uncer¬ 
tainties  about  future  area  and  species.  Many  factors  will  prevent 
future  forestation  including  social,  organizational,  economic,  and 
market-imposed  constraints  such  as  population  growth,  the  need 
for  agricultural  land,  and  government  policies  [10].  Subsequently, 
large-scale  plantations  may  interfere  with  other  priorities  for  land 
use  that  determine  the  availability  of  land,  the  rate  at  which  plan¬ 
tations  can  be  established,  and  the  long-term  sustainability  of 
projects.  Land  that  is  suitable  for  forestation  may  not  actually  be 
available.  Once  these  factors  are  taken  into  account,  the  area  of 
land  that  will  actually  be  available  for  plantations  is  reduced.  Fur¬ 
thermore,  our  current  estimation  does  not  consider  the  impact 
of  climate  change  on  growth  and  decomposition  rates.  Previous 
research  and  reviews  have  predicted  that  the  net  primary  produc¬ 
tion  of  our  forests  would  increase  under  the  scenario  of  increasing 
atmospheric  C02.  Nonetheless,  the  effects  of  environmental  change 
on  forests  in  the  past  have  already  been  accounted  for  in  the  inven¬ 
tory  data,  and  so  were  partially  represented  in  the  estimation 
model.  However,  our  future  estimates  do  not  take  into  account  the 
impacts  of  climate  change. 

In  addition,  any  simplified  estimation  generally  ignores  the 
impacts  of  disturbances  and  the  stochastic  process  of  recovery 
[18,40,41].  Therefore,  the  effects  and  mechanisms  of  stress  or  dis¬ 
turbances  on  forest  carbon  cycling  need  to  be  urgently  addressed  in 
estimation  and  assessment  of  the  carbon  sink  of  forest  ecosystems. 
We  have  raised  some  questions  and  concerns.  How  does  varying 
plantation  management  impact  the  forest  carbon  cycle?  Also,  the 
forest  carbon  feedback  loops  following  natural  disasters  such  as 
fires,  snowstorms,  insects,  earthquake,  or  tsunami  are  rarely  able 
to  be  observed. 

4.2.  Trade-offs  between  carbon  sequestration  and  other 
ecosystem  services 

Carbon  sequestration  strategies  have  highlighted  tree  planta¬ 
tions  without  considering  their  full  environmental  consequences. 


Although  sequestering  carbon  in  forests  is  good  for  the  climate, 
other  outcomes  such  as  loss  of  biodiversity  and  local  incomes, 
decreased  food  security,  decline  in  soil  fertility,  reduced  stream 
flows,  and  increased  fires  and  insects  may  result.  Forests  also 
affect  the  biophysical  properties  of  the  land  surface,  such  as  the 
sunlight  reflectivity  (albedo)  and  evaporation  rate;  with  further 
implications  for  the  radiative  forcing  of  climate.  The  co-benefits 
and  trade-offs  of  plantations  need  to  be  taken  into  account  when 
negotiating  exchange  agreements.  Joint  use  of  carbon  sequestra¬ 
tion  and  the  provision  of  forest-derived  products  (e.g.  timber  and 
biomass  for  energy)  will  optimize  the  contribution  of  forestry  in  cli¬ 
matic  mitigation.  This  is  particularly  attractive  in  temperate  regions 
where  land  availability  is  limited  by  high  land  prices  and  strong 
competition  with  other  land  uses.  Well-directed  carbon  seques¬ 
tration  projects,  therefore,  that  also  provide  sustainably  produced 
timber,  fiber,  and  energy,  will  yield  numerous  benefits,  including 
additional  income  for  rural  development,  prospects  for  conserva¬ 
tion  and  other  environmental  services,  and  support  for  indigenous 
communities.  Principles  of  sustainability  must  govern  the  resolu¬ 
tion  of  trade-offs  that  may  arise  from  ancillary  effects  in  order  to 
simultaneously  maximize  climate  change  protection  and  sustain¬ 
able  development  [16]. 

Furthermore,  we  need  to  consider  suitably  adapted  tree  species 
for  particular  land  types,  especially  degraded  land.  Hence,  a  care¬ 
ful  choice  of  tree  species  used  for  the  forestation  occurring  under 
the  Kyoto  protocol  is  needed  to  promote  long-term  climate  change 
mitigation  [2].  Reliable  and  reasonable  forest  management  patterns 
and  restoration  projects,  such  as  selective  harvesting,  returning 
residues  to  land,  reducing  human  disturbance  on  soils,  choos¬ 
ing  nitrogen-fixing  tree  species,  fertilizer  application,  planting  of 
mixed  forests,  and  fire  prevention  are  also  important.  In  addition, 
land  use  changes  have  been  driven  by  social  and  economic  condi¬ 
tions,  and  to  use  land  purely  for  the  purpose  of  carbon  sequestration 
is  impracticable.  Therefore,  comprehensive  land  use  planning  is 
necessary,  including  consideration  of  biological,  economic,  and 
social  effects. 

4.3.  Enhancing  plantation  management 

If  China  is  to  be  the  country  with  the  maximum  preserved  area 
of  plantation  and  largest  annual  planting  area,  urgent  needs  are 
to  increase  the  quantity  and  enhance  the  quality  of  plantations 
by  suitable  forest  management.  Suitable  measures  for  forest  man¬ 
agement  must  follow  regional  conditions  [42].  Major  strategies 
available  to  mitigate  carbon  emissions  through  forest  management 
include  increasing  forest  area  through  reforestation;  increasing 
carbon  density  of  existing  forests  at  stand  and  landscape  scales; 
expanding  the  use  of  forest  products  that  sustainably  replace 
fossil-fuels;  reducing  emissions  from  deforestation  and  low-impact 
harvesting  [16];  increasing  productivity  by  nutrient  management, 
thinning,  optimization  of  rotation  time  and  species;  increasing  car¬ 
bon  sequestration  by  residue  management,  and  better  utilization 
of  products  from  thinning. 

Quantifying  the  sources  and  sinks  of  carbon  resulting  from  forest 
management  is  essential  for  accurate  estimation  of  national  car¬ 
bon  fluxes,  and  is  also  helpful  in  meeting  the  greenhouse  gases 
emission  reduction  targets  [43].  Although  the  climate  protection 
role  of  forests  is  in  no  doubt,  there  are  many  complexities  involved 
in  determining  how  much  of  the  forest  carbon  sinks  can  be  man¬ 
aged  to  mitigate  atmospheric  C02  buildup,  and  in  what  ways  [16]. 
Furthermore,  external  factors  such  as  high  temperatures  result  in 
reduction  of  the  carbon  sink,  and  lead  to  much  higher  C02  con¬ 
centrations  than  expected.  Forest  management  therefore  becomes 
a  controversial  issue  if  we  want  to  solve  the  increased  terres¬ 
trial  carbon  sources  and  decreased  carbon  sink  [44-46].  Forest 
carbon  management  raises  some  interesting  questions.  Is  carbon 
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management  compatible  with  utilization  of  forest  resources?  How 
does  carbon  management  enhance  or  detract  from  other  ecosystem 
services  such  as  water  conservation  and  biodiversity  [42]? 

5.  Conclusion 

During  the  entire  1 950-2050  period,  the  effects  of  forestation  on 
biomass  carbon  pools  were  greater  than  the  effects  on  soil  carbon 
pools.  Carbon  biomass  sequestration  showed  continual  increase, 
however,  SOC  first  decreased  and  then  increased.  Forestation 
caused  net  carbon  sequestration  of  1 .686  Pg  C  from  biomass  and  soil 
organic  carbon  until  the  present,  and  many  projects  continue  this 
net  sequestration  into  the  21st  century.  In  summary,  there  remain 
many  uncertainties  in  our  estimates  of  net  carbon  sequestration 
in  China’s  plantations.  Despite  these  uncertainties,  it  is  clear  that 
forests,  especially  plantations,  account  for  most  of  China’s  terres¬ 
trial  carbon  sink.  Although  not  all  sources  of  uncertainty  have  been 
fully  quantified,  our  results  suggest  that  statistics-based  estimates 
may  have  substantially  smaller  uncertainties  than  those  based  on 
forest  carbon  modeling.  The  improved  inventory-based  estimates 
of  forest  carbon  stocks  presented  here,  and  future  refinements  of 
these  and  other  statistics-based  estimates,  should  help  to  constrain 
projections  from  ecological  modeling. 

Most  estimates  of  forest  carbon  stocks  have  neglected  or  sel¬ 
dom  considered  the  effects  of  stand  age.  However,  stand  volume 
varies  with  tree  species,  site  conditions,  age  classes,  and  forest  dis¬ 
turbances.  Young  and  middle-aged  forest  accounts  for  67.85%  of 
forests  in  China.  The  carbon  budget  of  young  or  mature  forest  would 
be  under  or  overestimated  if  the  same  parameters  are  applied  with¬ 
out  consideration  of  the  impacts  of  forest  age  on  stand  biomass, 
production,  and  carbon  sequestration.  Therefore,  we  used  meth¬ 
ods  that  analyzed  the  carbon  dynamics  of  different  age-classes,  to 
model  the  carbon  sequestration  of  plantations,  and  the  applicability 
or  not  of  each  parameter  were  considered.  Besides  deepening  our 
understanding  of  increasing  carbon  sinks  by  forestation,  the  lim¬ 
itations  and  negatives  of  forestation  projects  should  be  realized, 
and  new  technologies  for  forestation  and  enhancement  of  carbon 
stocks  should  be  exploited. 

Acknowledgments 

This  research  was  supported  by  the  Ministry  of  Science  and 
Technology  973  Program  (2009CB42 1105, 201 0CB950900)  and  the 
National  Natural  Science  Foundation  (40971281,  41001366).  The 
authors  wish  to  thank  anonymous  reviewers  for  their  constructive 
comments  on  the  manuscript. 

References 

[1]  Jackson  RB,  Jobbagy  EG,  Avissar  R,  Roy  SB,  Barrett  DJ,  Cook  CW,  et  al. 
Trading  water  for  carbon  with  biological  carbon  sequestration.  Science 
2005;310:1944-7. 

[2]  Thuille  A,  Schulze  E.  Carbon  dynamics  in  successional  and  afforested  spruce 
stands  in  Thuringia  and  the  Alps.  Global  Change  Biology  2006;12(2):325-42. 

[3]  Farley  KA.  Grasslands  to  tree  plantations:  forest  transition  in  the 
Andes  of  Ecuador.  Annuals  of  the  Association  of  American  Geographers 
2007;97(4):  755-71. 

[4]  Fan  S,  Gloor  M,  Mahlman  J,  Pacala  S,  Sarmiento  J,  Takahashi  T,  et  al.  A  large 
terrestrial  carbon  sink  in  North  America  implied  by  atmospheric  and  oceanic 
carbon  dioxide  data  and  models.  Science  1998;282:442-6. 

[5]  Potter  CS,  Klooster  SA.  North  American  carbon  sink.  Science  1999;283:1815. 

[6]  Houghton  RA,  Hackler  JL,  Lawrence  KT.  The  U.S.  carbon  budget:  contributions 
from  land-use  change.  Science  1999;285:5427. 

[7]  Schimel  DS,  House  JI,  Hibbard  KA,  Bousquet  P,  Ciais  P,  Peylin  P,  et  al.  Recent 
patterns  and  mechanisms  of  carbon  exchange  by  terrestrial  ecosystems.  Nature 
2001;414:169-72. 

[8]  Fang  JY,  Chen  AP,  Peng  CH,  Zhao  SQ,  Ci  LJ.  Changes  in  forest  biomass  carbon 
storage  in  China  between  1949  and  1998.  Science  2001;292:2320-2. 

[9]  Kraenzel  M,  Castillo  A,  Moore  T,  Potvin  C.  Carbon  storage  of  harvest-age 
teak  ( Tectona  grandis )  plantations,  Panama.  Forest  Ecology  and  Management 
2003;173:213-25. 


[10]  Nilsson  S,  Schopfhauser  W.  The  carbon  sequestration  potential  of  a  global 
afforestation  program.  Climatic  Change  1995;30:267-93. 

[11]  Bashkin  MA,  Binkley  D.  Changes  in  soil  carbon  following  afforestation  in  Hawaii. 
Ecology  1998;79(3):828-33. 

[12]  Richter  DD,  Markewitz  D,  Trumbore  SE,  Wells  CG.  Rapid  accumulation  and 
turnover  of  soil  carbon  in  a  re-establishing  forest.  Nature  1999;400:56-8. 

[13]  Silver  WL,  Ostertag  R,  Lugo  AE.  The  potential  for  carbon  sequestration  through 
reforestation  of  abandoned  tropical  agricultural  and  pasture  lands.  Restoration 
Ecology  2000;8:394-407. 

[14]  Laclau  P.  Biomass  and  carbon  sequestration  of  ponderosa  pine  plantations  and 
native  cypress  forests  in  northwest  Patagonia.  Forest  Ecology  and  Management 
2003 ;  1 80(  1 -3  ):3 17-33. 

[15]  Batjes  NH.  Mitigation  of  atmospheric  CO2  concentrations  by  increased  carbon 
sequestration  in  the  soil.  Biology  Fertility  of  Soils  1998;27:230-5. 

[16]  Canadell  JG,  Raupach  MR.  Managing  forests  for  climate  change  mitigation.  Sci¬ 
ence  2008;320:1456-7. 

[17]  Vesterdal  L,  Ritter  E,  Gundersen  P.  Change  in  soil  organic  carbon  follow¬ 
ing  afforestation  of  former  arable  land.  Forest  Ecology  and  Management 
2002;  169(1 -2):  137-47. 

[18]  Woodbury  PB,  Heath  LS,  Smith  JE.  Effects  of  land  use  change  on  soil  carbon 
cycling  in  the  conterminous  United  States  from  1900  to  2050.  Global  Biogeo¬ 
chemical  Cycles  2007;21  :GB3006,  doi:  1 0.1 029/2007GB002950. 

[19]  Liu  JG,  Li  SX,  Ouyang  ZY,  Tam  C,  Chen  XD.  Ecological  and  socioeconomic  effects 
of  China’s  policies  for  ecosystem  services.  Proceedings  of  the  National  Academy 
of  Sciences  2008;105(28):9477-82. 

[20]  Paul  KI,  Polglase  PJ,  Nyakuengama  JG,  Khanna  PK.  Change  in  soil  carbon  follow¬ 
ing  afforestation.  Forest  Ecology  and  Management  2002;  1 68(1 -3):241 -57. 

[21]  Zinn  YL,  Resck  DVS,  Silva  JE.  Soil  organic  carbon  as  affected  by  afforestation 
with  Eucalyptus  and  Pinus  in  the  Cerrado  region  of  Brazil.  Forest  Ecology  and 
Management  2002;  1 66(1 -3):285-94. 

[22]  Charles  T,  Garten  Jr.  Soil  carbon  storage  beneath  recently  established  tree 
plantations  in  Tennessee  and  South  Carolina,  USA.  Biomass  and  Bioenergy 
2002;23(2):93-102. 

[23]  Wang  SQ,  LiuJY,  Yu  GR,  Pan  YD,  Chen  QM,  Li  KR,  etal.  Effects  of  land  use  change 
on  the  storage  of  soil  organic  carbon:  a  case  study  of  the  Qianyanzhou  forest 
experimental  station  in  China.  Climatic  Change  2004;67:247-55. 

[24]  Specht  A,  West  PW.  Estimation  of  biomass  and  sequestered  carbon  on  farm  for¬ 
est  plantations  in  northern  New  South  Wales,  Australia.  Biomass  and  Bioenergy 
2003;25(4):363-79. 

[25]  Turner  J,  Lambert  M.  Change  in  organic  carbon  in  forest  plantation  soils  in 
eastern  Australia.  Forest  Ecology  and  Management  2000;133(3):231-47. 

[26]  Huang  M,  Ji  JJ,  Li  KR,  Liu  YF,  Yang  FT.  The  ecosystem  carbon  accumulation  after 
conversion  of  grasslands  to  pine  plantations  in  subtropical  red  soil  of  South 
China.  Tellus  B  2007;59:439-48. 

[27]  IPCC  Special  Report.  Land  use,  land  use  change  and  forestry.  Cambridge  Uni¬ 
versity  Press;  2000. 

[28]  Niu  XZ,  Duiker  SW.  Carbon  sequestration  potential  by  afforestation  of  marginal 
agricultural  land  in  the  Midwestern  U.S.  Forest  Ecology  and  Management 
2006;223(l-3):415-27. 

[29]  Xu  DY.  The  potential  for  reducing  atmospheric  carbon  by  large-scale  afforesta¬ 
tion  in  China  and  related  cost/benefit  analysis.  Scientia  Silvae  Sinicae 
1996;32(6):491-9  (in  Chinese). 

[30]  Chen  XG,  Zhang  XQ,  Zhang  YP,  Wan  CB.  Carbon  sequestration  potential  of  the 
stands  under  the  Grain  for  Green  Program  in  Yunnan  Province,  China.  Forest 
Ecology  and  Management  2009;258(3):  199-206. 

[31]  Luo  TX.  Patterns  of  net  primary  productivity  for  Chinese  major  forest 
types  and  their  mathematical  models.  PhD  Paper;  1996.  Available  at: 
http://l  59.226.1 1 1 .1 9/cern-doc/dthome2.htm. 

[32]  Zhou  G,  Wang  Y,  Jiang  Y,  Yang  Z.  Estimating  biomass  and  net  primary  produc¬ 
tion  from  forest  inventory  data— a  case  study  of  China’s  Larix  forests.  Forest 
Ecology  and  Management  2002;169(l-2):149-57. 

[33]  Shi  J.  Study  on  the  effect  of  afforestation  on  carbon  cycle  in  Chinese  terrestrial 
ecosystem.  PhD  Paper;  2005. 

[34]  Zhao  M,  Zhou  G.  Estimation  of  biomass  and  net  primary  productivity  of  major 
planted  forests  in  China  based  on  forest  inventory  data.  Forest  Ecology  and 
Management  2005;207(3):295-313. 

[35]  Zhang  YX.  Definition  of  contribution  rate  of  afforestation  and  afforesta¬ 
tion  benefit  evaluation.  Forest  Resource  Management  2010;2:102-6 
(in  Chinese). 

[36]  Wang  SQ,  Zhou  CH,  Li  KR,  Zhu  SL,  Huang  FH.  Estimation  of  soil  organic  carbon 
reservoir  in  China.  Journal  of  Geographical  Sciences  2001  ;1 1(1  ):3-13. 

[37]  Post  WM,  Kwon  KC.  Soil  carbon  sequestration  and  land  use  change:  processes 
and  potential.  Global  Change  Biology  2000;6:317-27. 

[38]  Heinsch  FA,  Zhao  M,  Running  SW,  Kimball  JS,  Nemani  RR,  Davis  KJ,  et  al.  Evalua¬ 
tion  of  remote  sensing  based  terrestrial  productivity  from  MODIS  using  regional 
tower  eddy  flux  network  observations.  IEEE  Transactions  on  Geoscience  and 
Remote  Sensing  2006;44:1908-25. 

[39]  Zaehle  S,  Sitch  S,  Smith  B,  Hatterman  F.  Effects  of  parameter  uncertainties  on 
the  modeling  of  terrestrial  biosphere  dynamics.  Global  Biogeochemical  Cycles 
2005;19:GB3020,  doi:10.1029/2004GB002395. 

[40]  Houghton  RA.  Balancing  the  global  carbon  budget.  Annual  Review  of  Earth  and 
Planetary  Sciences  2007;35:313-47. 

[41  ]  Kurz  WA,  Dymond  CC,  Stinson  G,  Rampley  GJ,  Neilson  ET,  Carroll  AL,  et  al. 
Mountain  pine  beetle  and  forest  carbon  feedback  to  climate  change.  Nature 
2008;452:987-90. 


L.  Huang  et  al.  /  Renewable  and  Sustainable  Energy  Reviews  16(2012)  1291-1299 


1299 


[42  ]  Birdsey  R,  Pregitzer  K,  Lucier  A.  Forest  carbon  management  in  the  United  States: 

1600-2100.  Journal  of  Environmental  Quality  2006;35:1461-9. 

[43  ]  Leighty  WW,  Hamburg  SP,  Caouette  J.  Effects  of  management  on  carbon  seques¬ 
tration  in  forest  biomass  in  southeast  Alaska.  Ecosystems  2006;9:1051-65. 

[44]  Schulze  ED,  Valentini  R,  Sanz  MJ.  The  long  way  from  Kyoto  to  Marrakesh:  impli¬ 
cations  of  the  Kyoto  Protocol  negotiations  for  global  ecology.  Global  Change 
Biology  2002;8:505-18. 


[45]  Dilling  L,  Doney  SC,  Edmonds  J,  Gurney  KR,  Harriss  R,  Schimel  D,  et  al.  The  role 
of  carbon  cycle  observations  and  knowledge  in  carbon  management.  Annual 
Review  of  Environment  and  Resources  2003;28:521-58. 

[46]  Agrawal  A,  Chhatre  A,  Hardin  R.  Changing  governance  of  the  world’s  forests. 
Science  2008;320:1460-2. 


